The relative toxicities of formaldehyde and glutaraldehyde to the rat nasal epithelium were determined following intra-nasal instillation of aqueous solutions of these compounds into one nostril of male Fischer 344 (F-344) rats. Lesions identical in appearance to those resulting from acute inhalation exposure to formaldehyde were induced by both compounds in a concentration-dependent manner. Treatments included. India ink or 1 M methylene blue (for instillation deposition studies); sterile saline (vehicle control); 40, 200, 400, and 800 mM formaldehyde; and 10, 20, and 40 mhi glutaraldehyde. Dye-treated rats were sacrificed immediately, and nasal passages were examined to determine the localization of instilled materials. Three days after treatment, all other animals received a single ip injection of 5-bromo12'-deoxyuridine 2 hr prior to sacrifice, and the nasal passages were prepared for histopathology and cell proliferation studies. While sterile saline and 10 mhf glutaraldehydc induced no significant epithelial changes, 20 and 40 mM glutaraldehyde induced extensive lesions in the treated side of the nose. Aldehyde-induced lesions included inflammation, epithclial degeneration, respiratory epithelial hypertrophy, and squamous metaplasia in association with marked increases (3-8-fold) in labeling index for both compounds. Formaldehyde induced similar lesions but required concentrations of 200 mhi or more to elicit a toxic response. Thus, glutaraldehyde is approximately an order of magnitude more toxic to the nasal epithelium than formaldehyde. These studies also indicate that the nose is very resistant to the aldehydes studied, requiring instillation of millimolar concentrations before toxic responses occurred.
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ST. CLAIR ET AL TOXICOLOGIC PATHOLOGY have been made to model the uptake process (29, 30, 37) . The highly specific localization of nasal lesions induced by inhaled gases in rodents (3, 26, 27) indicates that these sites may receive a higher dose of the inhaled material. The induction of lesions at these sites may indicate the saturation of airway defenses by an excessively high local dose. Toxic responses to formaldehyde in rodents have been shown to depend upon the concentration of formaldehyde in the inhaled air, rather than on the cumulative exposure (40) , but the actual concentration of formaldehyde achieved at the epithelial surface is unknown. The concentration of gas dissolved in surface secretions at these 'hot spots' of deposition also remains to be determined. This information would be of value when attempting to model regional dosimetry of inhaled compounds at specific nasal target sites for inter-species extrapolation (20, 3 6) . This article describes the results of studies using an intra-nasal instillation procedure to determine (1) the relative toxicities of formaldehyde and glutaraldehyde, and (2) the approximate concentrations required to induce epithelial damage in the nose of the rat after administration of a single bolus dose ofaldehyde. These studies revealed the relative toxicity of these 2 compounds and demonstrated a . clear concentration-response relationship for epithelial cell necrosis, cell proliferation, and subsequent squamous metaplasia. Data obtained from the present studies suggest that the concentration of these aldehydes dissolved in nasal secretions probably reaches the millimolar range before cytotoxicity occurs, and further support the proposed in-. fluence of regional deposition on lesion distribution in the nasal cavity.
METHODS

Aiiiiiials
Rats were maintained in an AAALAC-accredited animal facility and maintained according to the NIH guidelines (Guide for the Care and Use of Laboratory Animals, 1985 edition). Male CD/CrlBr rats (approximately 13 weeks of age) were obtained from Charles River Breeding Laboratories (Kingston, NY) and were quarantined for at least 2 weeks prior to use. All rats appeared clinically normal, and serological tests to screen for viral pathogens (Standard Rodent Screen, Microbiological Associates, Bethesda, MD) were negative. The rats were provided with feed (NIH-07 diet; Ziegler Bros.) and filter-purified tap water ad libitrim. Following the instillation procedure, rats were housed (3 per cage) in plastic cages (43x30~21 cm, with filter tops) on heat-treated hardwood chip bedding and maintained on a 12-hr light/ dark cycle. Rats were sacrificed 3 days after treatment to allow resolution of acute epithelial changes and repair to begin:
Instillation Procedure
Unanesthetized rats were placed in inhalation restraint tubes (Battelle, Geneva, Switzerland), and the aqueous test solution was instilled into one nasal airway. Aliquots (40 pl) of test solutions were precisely measured with a Gilson continuously adjustable pipet (Ranin Instrument Co., Woburn, MA) and instilled using a 18-20 gauge teflon catheter from an angiocath unit (Desert Medical, Inc., Parke Davis & Co., Sandy, UT) and a 1 ml disposable syringe. The catheter was gently inserted 3-5 mm into the nasal vestibule, and with the catheter held parallel to the middle meatus, the contents of the syringe, followed by 0.25 ml of air, were dispensed gently into the nose.
Experiineiital Design
Treatment groups, with the number of animals analyzed per group, are shown in Table I . The treatments discussed in this study took place in 3 separate experiments. The initial study consisted of 3 rats each for sterile saline (vehicle) control, 10 and 40 mM glutaraldehyde, and 40 mM formaldehyde treatments. After obtaining the results of the initial study, a second study with 3 rats for vehicle control, 40 and 200 mM formaldehyde and 10 and 40 mM glutaraldehyde treatments was conducted. The third study consisted of 3 rats for saline, air, and untreated controls, as well as 200, 400 and 800 mM formaldehyde and 20 and 40 mM glutaraldehyde. Improperly trimmed (i.e., desired levels of the nasal cavity could not be evaluated) or improperly-pulsed animals were not analyzed, accounting for the different numbers of treated and analyzed animals appearing in Table I .
Depositiort Study. To determine the site(s) o'f deposition of treatment solutions, 5 rats were instilled with 40 p1 of India ink or 1 M aqueous methylene blue (Sigma Chemical Co., St. Louis, MO). These animals were sacrificed immediately after instillation by decapitation, and their nasal passages were rapidly dissected in order to visually determine the localization of the instilled solutions.
Aldehyde treatnieiits. Commercial physiological saline (Polyscientific, Bay Shore, NY), which served as the vehicle, was sterilized by filtration through 0.2 pm filters (MSI, Inc., Honeoye Falls, NY) into sterile plastic tubes. A fresh stock solution (50 mgl ml sterile saline) of formaldehyde was prepared from paraformaldehyde powder (Aldrich Chemical Co., Milwaukee, WI) prior to each experiment, and further dilutions were prepared with sterile saline. Glu-taraldehyde (50% aqueous solution; Ted Pella Co., Redding, CA) was diluted to desired concentrations with sterile saline. Animals received a single 40 p1 instillation in one nostril with vehicle or one of the sterile aldehyde solutions (Table I) .
Controls. One group of control animals was untreated; 2 other groups received either sterile saline vehicle plus 0.25 ml of air or 0.25 ml of air alone to check for possible damage induced by the instillation procedure.
Histopathology and Cell Proliferation
Seventy-two hr following nasal instillation, control and aldehyde-treated rats received an ip injection of 100 mg/kg 5-bromo-2'-deoxyuridine (BrdU, Sigma Chemical Co.), a thymidine analogue incorporated by cells in S-phase (i.e., synthesizing DNA in preparation for cell division). Two hr later, the rats were anesthetized with pentobarbital (60 mgl kg, ip) and killed by exsanguination. The head was detached, the lower jaw and excess soft tissue removed, and the nasal cavity was flushed retrogradely via the nasopharyngeal meatus with Carnoy's fixative (1 8) using a 20 gauge needle and glass syringe. Following 5 days of immersion fixation in fresh fixative at room temperature, heads were washed in 2 30 min changes of absolute ethanol to remove chloroform, hydrated through 95%, 70%, 50%, and 30% ethanol, and decalcified in 5% aqueous formic acid with an ion exchange resin (Rexyn 101; Fisher Scientific, Fair Lawn, NJ) for 5 days. After washing for 24 hr in cold running tap water, heads were sectioned into 2-3 mm-thick blocks at 4 levels (43), which included the regions in which instilled material was deposited (based on results of deposition study, below). Tissue blocks were dehydrated through graded alcoho1s;:mbedded in paraffin, sectioned at 5 pm; and stained with hematoxylin and eosin ( H E ) for examination by light microscopy.
Additional 5 pm sections, cut at level 2 (43) of the nasal passages (just behind the posterior surface of the incisor teeth, at the level of the lateral scroll of the nasoturbinate), were prepared for determination of cell proliferation, using immunocytochemical techniques for detection of BrdU-labeled (S-phase) nuclei. Sections were mounted on 3-aminopropyltriethyloxysilane-coated (Sigma Chemical Co.) slides, deparaffinized (3 changes of xylene), and rehydrated through graded alcohols. Following 1 hr in prewarmed (40°C) 1 N HCl and 3 30-second rinses in pH 7.6 phosphate-buffered saline (PBS; Polyscientific), sections were trypsinized (0.1% trypsin in 0.1% CaCl,, prewarmed to 40°C) for 10 min. Following 3 10 min washes in PBS, endogenous peroxidase activity was quenched by incubating sections in 3% aqueous HzO, for 3 min. After 3 PBS Labs), dehydrated to xylene, and mounted with permanent mounting medium. Cell proliferation was calculated using the unit length labeling index (ULLI), which is expressed as the number of S-phase nuclei (i.e., BrdU-labeled) per mm basement membrane of the sampled region ofepithelium (23) . Basement membrane lengths were measured from photographic prints of known magnification using a Zeiss videoplan (Carl Zeiss, Inc., New York, NY).
Statistical analyses were carried out on the mean ULLI of each treatment group for comparison to controls using unpaired t-tests, with p < 0.05 considered significant. Untreated and air-instilled controls were combined for analysis due to the absence of any lesions or changes in epithelial cell proliferation.
RESULTS
Clinical Observatioris and Dye Deposition
Rats receiving air, saline, or either of the aldehydes by intra-nasal instillation showed no apparent signs of pain or discomfort during (did not struggle) or following (did not exhibit excessive head grooming or nasal discharge) the instillation treatments.
Anesthesia was unnecessary, and the total time required to dose each animal was approximately 3 min. Dye instillation studies revealed that the instilled materials were deposited primarily on the lateral wall, maxilloturbinate, and nasoturbinate, with smaller amounts reaching the septum and ethmoid turbinates.
Histopathology
Control Aniinals. The nasal mucosa of uninstilled, saline-instilled, and air-instilled control rats displayed the normal'distribution and Characteristic histologic features of nasal squamous, respiratory, and olfactory epithelia with no evidence of treatment-related injury.
Aldehyde-Treated Aniinals. Level 2 sections of the nasal cavity were scored at the light microscopic level for the following lesions: squamous metaplasia, rhinitis, epithelial erosions, epithelial hyperplasia, and goblet cell hypertrophy (Table I) . Lesions on the treated side of the nose were scored as focal (occurring as small, distinct lesions in the epithelium) or extensive (involving more &despread sites in the nasal cavity). The distribution of aldehydeinduced nasal epithelial lesions corresponded with the localization of dyes in the deposition studies. The minimum glutaraldehyde concentration required to cause epithelial lesions was 20 mM, whereas 200 mM formaldehyde induced only very mild treatment-related lesions (goblet cell hypertrophy and one small focus of necrosis). Both aldehydes showed a concentration-response over the ranges examined. There were no treatment-related lesions in the nasal passages of rats treated with sterile saline or 10 mM glutaraldehyde. In the treated side of the nose, 20 and 40 mM glutaraldehyde produced acute inflammatory changes, marked by neutrophilic infiltrates, and epithelial erosion, as well as extensive regions of respiratory epithelial hyperplasia and squamous metaplasia (Fig. 1) . Lesions were more extensive and severe in the 40 mM group, compared to the 20 mM group. Two rats had bilateral lesions of similar pathology and rate of cell proliferation in level 2 sections of the nasal cavity, indicating reflux of the instilled material into the uninstilled side via the septa1 window. Lesions in these animals extended to the anterior levels of the nasal cavity as well, indicating that refluxed material may cause extensive contralateral nasal toxicity.
Formaldehyde caused histologically-Similar lesions to those produced by glutaraldehyde, but higher concentrations of formaldehyde were required to produce these effects. One of 6 animals in the 200 m M formaldehyde-treated group had an extremely mild inflammatory lesion at the junction of the olfactory and respiratory epithelia on the dorsal septum. Instillation of 400 mhi formaldehyde induced epithelial erosions, acute inflammation, and extensive epithelial hyperplasia (Fig. 2) . These lesions were less severe than those induced by 20 mM glutaraldehyde. Lesions caused by instillation of 800 mM formaldehyde were characterized by extensive epithelial erosions, strongly resembling those produced by 40 mM glutaraldehyde and generally involved all of the epithelium in the treated airway.
Cell Proliferation
Cell proliferation in the non-squamous nasal epithelium of control rats was typically characterized by 2-3 labeled cells per mm of basement membrane. S-phase epithelial nuclei were found throughout the areas of hyperplastic, metaplastic, and regenerating epithelium (Fig. 3) following treatment with cytotoxic concentrations of formaldehyde or glutaraldehyde. The ULLI revealed aldehyde-and concentration-response relationships for cell proliferation in treated animals (Fig. 4) . Increased cell proliferation occurred at a 20-fold lower concentration of glutaraldehyde than formaldehyde. Significant elevations in ULLIs were confined to the 20 and 40 mM glutaraldehyde groups and the 400 and 800 mM formaldehyde groups.
DISCUSSION
Glutaraldehyde is extremely toxic to the nasal epithelium. In fact, the nasal instillation studies summarized here suggest that glutaraldehyde is approximately one order of magnitude more toxic to the nasal epithelium of the F-344 rat than the rodent nasal carcinogen formaldehyde (1, 16, 41 ). Nasal lesions induced by the instilled aldehyde solutions resembled, both in nature and severity, changes induced by acute inhalation exposure of rats to carcinogenic concentrations of formaldehyde gas (6, 24). Further, induction of lesions by instillation of aqueous formaldehyde .in regions of the nose not usually affected by inhaled formaldehyde supports the hypothesis that lesions induced by inhaled formaldehyde are probably a consequence of deposition patterns rather than regional tissue susceptibility (25).
Histologic sections from a chronic formaldehyde inhalation study currently in progress (21) were reviewed in order to compare lesions induced by instilled formaldehyde to those caused by inhaled formaldehyde. Following 4 days of inhalation exposure to 15 ppm formaldehyde (6 hr/day), the fol-lowing lesions were prominent in the nasal cavity: loss of goblet cells and epithelial hyperplasia along the ventral septum, dense infiltration of the epithelium of the maxillo-and nasoturbinates with polymorphonuclear leukocytes, and near-complete krosion of the epithelium of the lateral meatus, with evidence of early repair. These lesions were closely mimicked by instillation of 40 pl of 800 mM formaldehyde. Instillation of 400 mM formaldehyde resulted in more focal inflammatory lesions, resembling those caused by 4 days of inhalation exposure to 10 ppm formaldehyde (6 hr/day). Thus, intranasal instillation of formaldehyde demonstrated the steep concentration-response curve for the nasal toxicity of formaldehyde which isalso characteristic of inhalation exposure.
The toxic effects of glutaraldehyde and formal:
dehyde were directly compared as part of a program directed at improving human risk assessment through the increased application of mechanistic toxicologic data (36,' 39) . The concentration-re-sponse relationships for toxic and carcinogenic effects of inhaled formaldehyde have been established. DNA-protein crosslinking, a sensitive indicator of the dose of formaldehyde received by the cells, increases in a sharply non-linear fashion over the concentration range of 0.3-10 ppm (4). Thus, it is not appropriate to assume a linear correlation between administered (airborne) concentration and the concentration achieved at critical target sites, such as nasal epithelial nuclear DNA. The non-linear relationship between administered and delivered dose may be attributed to saturation of critical defenses such as glutathione-mediated metabolism of formaldehyde (5) or inhibition of the. mucociliary apparatus (28) . Although the present study was confined to a single pulse of test solution, which differs significantly from a 6 hr inhalation exposure, it would appear that formaldehyde, dissolved in surface secretions of the rat nasal cavity, may have to reach concentrations in the millimolar range to induce detectable epithelial cytotoxicity. In contrast to formaldehyde, the health effects of glutaraldehyde have not been thoroughly studied.
Glutaraldehyde is a potent chemosterilization agent, with greater efficacy and a broader spectrum of activity than formaldehyde (14). Glutaraldehyde is also a more potent crosslinking agent than formaldehyde (35) . As a result, the cytotoxicity of glutaraldehyde is'felt to result from its stabilizing effects on membrane proteins, thus limiting uptake of necessary precursor molecules (3 1). Glutaraldehyde is mutagenic (17, 19) , indicating that this compound, like formaldehyde (lo), is capable of interacting with DNA.
.Presumably as a result of its cytotoxicity, glutaraldehyde caused regenerative cell proliferation in the nasal cavity. Enhanced proliferation can facilitate initiating events, as single-stranded DNA being transcribed or replicated is especially susceptible to mutational events (9) . It has been proposed that regenerative cell replication (i.e., in response to tissue injury) is associated with an increased spontaneous mutation rate (38) and elevated numbers of chemically-initi.ated cells (8) . Proliferation is necessary for conversion of unrepaired promutagenic adducts or changes in the genome (1 2) to mutations. Further, altered growth control associated with cell proliferation may result in promotional effects such as selectively amplifying clones of initiated cells (40) . Thus, because of the reactivity between glutaraldehyde and nucleosides in vitru (1 5 ) and the proliferative effects described in this study, it is appropriate to further assess glutaraldehyde by inhalation for potential acute and chronic effects.
The relative toxicities of glutaraldehyde and formaldehyde to the nasal epithelium were dem- onstrated by instilling aqueous solutions of these aldehydes into the nasal cavity of the F-344 rat. Use of an intra-nasal delivery system for studies of respiratory tract toxicants is not a novel concept (1 1, 32, 33) , and there is growing interest in the use of the intra-nasal route for administration of drugs which are poorly absorbed from the gastrointestinal tract (7) . Limited information is available on toxic responses induced in the nasal passages of experimental animals and man by these treatments. While the intra-nasal instillation technique is a non-physiologic approach, aldehyde-induced lesions produced in these experiments strongly resemble those caused by inhalation exposure to carcinogenic concentrations of formaldehyde. The instillation technique provides the additional advantage of permitting delivery.of the test compounds directly to the nasal epithelium. Furthermore, due to the correlation between sites of dye deposition and lesion development, these studies provide further, though TOXICOLOGIC PATHOLOGY indirect, evidence that airflow patterns and consequent regional deposition are responsible for sitespecific lesion distribution for inhaled formaldehyde in the nasal cavity (27) .
